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ABSTRACT 
 
The field of tissue engineering utilizes combinations of cells, biomaterials, and 
therapeutic molecules in order to generate therapies and better understand the emergent 
behaviors involved in tissue formation and diseases. One of the goals of tissue engineering is 
to be able to recapitulate the in vivo microenvironment of cells in vitro. As such, a lot of 
attention has been focused on the development of materials that are able to present various 
aspects of the cell microenvironment so that the specific roles of each property can be 
probed. The overall goal of this thesis is to develop advanced matrices for the formation and 
innervation of skeletal muscle.  
This thesis discusses the development of advanced bioactive matrices to be able to 
study the role of a variety of extracellular matrix properties on skeletal muscle formation and, 
ultimately, innervation. The role of polysaccharide mediated pores will be investigated in 
Chapter 2. Myogenic differentiation will be decoupled from matrix stiffness in an aligned 
microchanneled matrix in Chapter 3. In Chapter 4, the role of matrix stiffness on neural 
organoid development and, its ability to innervate and control the actuation of skeletal muscle 
will be investigated. The results of this thesis will be useful in developing a better 
understanding of how matrix properties mediate skeletal myotube formation and innervation. 
Additionally, the results will provide a method to be able to study the emergent behaviors 
involved in myotube formation and neuromuscular diseases.   
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CHAPTER 1: INTRODUCTION 
1.1	  Tissue	  Engineering	  
The field of tissue engineering combines the principles of engineering and biology in 
order to generate therapies that facilitate the generation of new tissues or repair of damaged 
tissues.1 In order to achieve the goals of tissue engineering, researchers utilize a combination 
of cells, biomaterials, and therapeutic molecules.2 The development of biomaterials has been 
one of the major focuses in the field.3-5 
1.2	  Hydrogels	  in	  tissue	  engineering	  	  
One widely used biomaterial is hydrogels for their ability to mimic the water content 
of tissues.6-8 Hydrogels have been used as delivery vehicles for cells and therapeutic 
molecules in addition to scaffolds for cell culture.9, 10 The polymer materials used to make 
hydrogels can be broadly classified as natural (i.e. collagen) and synthetic polymers (i.e. 
poly(ethylene glycol) diacrylate (PEGDA)). 
The choice of gel-forming polymer depends largely on the application and the 
biological and physical cues that need to be presented. The choice of polymer contributes to a 
variety of properties including swelling behavior, mechanical properties, and degradation 
behavior. Furthermore, the choice of gel forming mechanism is also application dependent, 
as certain formulations are toxic to cells.10  
Another very important property of hydrogels is the porous structure within the 
matrix. The porous structure plays an important role in the transport of nutrients and waste 
products into and out of the hydrogel. In order to support cell adhesion, it is often necessary 
to chemically modify gel-forming polymers with cell adhesion proteins or therapeutic 
molecules as most gel-forming polymers do not support cell adhesion.8, 9  
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1.2.1	  Collagen	  hydrogels	  	  
One commonly used hydrogel is collagen, as it is the most abundant protein in 
mammalian tissues, consisting of roughly 30% of total body content, and one of the few gel-
forming polymers that promotes cell adhesion.11 Collagen consists of a triple helix of 
polypeptide chains that are held together by a mixture of covalent and hydrogen bonds. 
Hydrogels form through the self-aggregation of fibers. While collagen gels are enzymatically 
degradable and promote cell adhesion, they have limited physical properties.  
1.2.2	  Alginate	  hydrogels	  	  
 Another commonly used gel-forming polymer is alginate, which is derived from 
brown algae. Alginate is a linear polysaccharide derived consisting of blacks of (1,4)-linked 
β-D-mannuroinic acid (M) and α-L-guluronic acid (G). Alginate has been functionalized 
widely using carbodiimide chemistry to link amines to the carboxylate groups of alginate. 
The properties of alginate have made led to its extensive use in the food industry, drug 
delivery, cell encapsulation, dental impression, and wound dressings. Alginate is often 
conjugated with cell adhesion peptides, such as arginine-glycine-aspartic acid (RGD) 
peptides, for use in tissue engineering applications.12, 13  
	  1.2.3	  Poly(ethylene	  glycol)	  (PEG)	  hydrogels	  
 PEG based hydrogels have been used ubiquitously in tissue engineering applications. 
PEG’s combination of biocompatibility and low toxicity have led the Food and Drug 
Administration (FDA) to approve PEG based materials for a number of medical applications. 
Further more, PEG is easily modifiable to be able to allow for photopolymerization and 
hydrolytically-degradability.6 In order to facilitate cell culture, PEG based materials are often 
chemically modified to express RGD-peptides.14, 15  
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1.2.4	  polyacrylamide	  hydrogels	  
 Another commonly used synthetic gel forming polymer is polyacrylamide. 
Polyacrylamide provides easily controllable mechanical properties through tuning the ratio of 
the monomer (acrylamide) and crosslinking modality (bis-acrylamide). Polyacrylamide gels 
are also readily modified with cell adhesion proteins such as collagen, fibronectin, and 
laminin for cell culture.16 The small pore size of polyacrylamide gels (~100 nm) makes it a 
substrate on which cells can be grow on top of but not inside. Polyacrylamide gels are also 
used for their ability to allow only a small amount of non-specific reactions between proteins 
and the gel.17 The transparency of polyacrylamide gels also makes them ideal for observing 
cell culture and the impact of various treatments of cells in situ.18    
1.3	  Influence	  of	  extracellular	  matrix	  on	  cell	  behavior	  	  
The cellular microenvironment plays a critical role on influencing cell behavior. The 
extracellular matrix (ECM) is a major component of the cellular microenvironment. The 
ECM has been demonstrated to be able to regulate numerous cell behaviors including 
migration, morphogenesis, proliferation, and apoptosis.5 Cells communicate with the ECM 
primarily through integrins which provide a vehicle for interaction between the cytoskeleton 
and the ECM. The ECM is also known to influence stem cell differentiation and 
proliferation.19  
Due to the importance of the ECM, efforts have been made to make synthetic ECM’s 
in order to better understand the interactions between cells and matrix and how the ECM 
regulates cell behaviors.5 As research into synthetic ECM’s has advanced, researchers have 
strived to more accurately recapitulate the natural ECM.5, 20 As such, synthetic ECM’s have 
been used to screen various molecular therapies and to study pathological tissues.21 
Particular emphasis has been placed on the role of matrix stiffness in regulating cell 
behavior. The stiffness of a biomaterial is most typically measured by the elastic modulus 
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which characterizes the response of a material to an applied external stress. The slope of the 
stress versus strain curve from the deformation is what is defined as the elastic modulus. 
Native tissues vary from the softest tissues in the brain having an elastic modulus of about 1 
kPa to the stiffer tissues such as bone which has an elastic modulus of 100 kPa. The stiffness 
of the matrix is known to influence cell contractility, motility, and spreading.17, 22, 23 
Differentiation of mesenchymal stem cells has been shown to be influenced by matrix 
stiffness as well.24 Specifically, substrates of stiffnesses varying from roughly 10-20 kPa have 
been shown to be optimal for myogenic differentiation.24, 25   
1.4	  Skeletal	  muscle	  tissue	  engineering	  
Skeletal muscle tissue can be damaged in a variety of neuromuscular diseases such as 
muscular dystrophy, amyotrophic lateral sclerosis, and spinal muscular atrophy. Additionally, 
volumetric muscle loss occurs in the case of acute injuries and tumor ablation. The primary 
clinical treatment involves transplanting muscle which suffers from very limited availability 
of tissue and donor site morbidity.26 
As a result, researchers have turned to skeletal muscle tissue engineering as a source 
of muscle tissue. Although there has been some success generating muscle tissue from both 
cell lines such as the C2C12 mouse cell line and primary muscle cells, few studies have 
reported functional muscle tissue.27 The generation of functional skeletal muscle requires 
alignment as well as the presence of acetyl choline receptors for innervation.28  
Myogenic differentiation is typically started from muscle precursor cells such as 
myoblasts. A combination of ECM properties and soluble factors are used to induce the 
fusion of myoblasts to form myotubes.26 Many studies induce alignment in two dimensional 
cultures by the patterning of cell adhesion cues or micro and nano-scale topography.28 
Innervation of muscle is particularly important to develop functional muscle tissue. In 
vivo myotubes randomly express acetyl choline receptors. Stimulation of the myotube from 
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nerves, causes the clustering of acetyl choline receptors, facilitating the development of 
motor end plates which allow for the communication between motor neurons and muscle.28 
Innervated muscle has been shown to be capable of generating a great force of contraction.29, 
30 There have been very few studies demonstrating the ability to control muscle actuation via 
stimulating the motor neurons.  
1.5	  Neuromuscular	  disease	  models	  	  
Understanding the process of skeletal muscle innervation and neuromuscular junction 
formation is important both for understanding development and for understanding 
neuromuscular diseases. In vitro models of neuromuscular junctions provide a great platform 
for gaining knowledge about neuromuscular diseases and how we might be able to treat 
them. Functional neuromuscular junctions will be critical to being able to study these 
neuromuscular diseases in vitro. While the role of skeletal muscle in neuromuscular diseases 
has been extensively explored, studies into the combined effects on both motor neurons and 
muscle and the ability to control contraction has been scarce.31  
1.6	  Conclusions	  &	  Project	  overview	  
 Tissue engineering utilizes combinations of biomaterials, bioactive molecules, and 
cells in order to generate tissues for therapies as well as to study emergent behaviors involved 
in development and diseases. One of the biggest areas of focus in tissue engineering has been 
in the design of the extracellular environment presented to cells, as it plays a critical role in 
cell functions, viability, and differentiation.  
The work described in this thesis focuses on studying the role of various extracellular 
matrix properties in the formation of mature skeletal myotubes. The overall goal of this 
project is to generate a functional innervated muscular construct that could be used to probe 
questions in neuromuscular junction development and neuromuscular diseases. In order to 
accomplish this goal, Chapter 2 will discuss the investigation of polysaccharide mediated 
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pore formation on cell incorporation and three-dimensional myotube formation. Myogenic 
differentiation will be decoupled from bulk matrix stiffness by encapsulating myoblasts in 
aligned microchannels with in vivo like collagen fibers in Chapter 3. Chapter 4 describes the 
role of matrix stiffness on generated neural organoids that are used to innervate and control 
the actuation of skeletal myotubes. Ultimately, the results from these studies will be 
beneficial in advancing the understanding of skeletal muscle development and provide a 
platform for being able to investigate neuromuscular diseases. Chapter 5 summarizes the 
studies’ research and lays out the future directions. Specific methodologies and hypotheses 
are discussed in each chapter.   
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CHAPTER 2: WATER-HYDROGEL BINDING AFFINITY 
MODULATES FREEZE-DRYING INDUCED MICROPORE 
ARCHITECTURE AND SKELETAL MYOTUBE FORMATION 
   
 
2.1 Introduction 
A provisional porous matrix consisting of organic, inorganic, or organic-inorganic 
hybrid materials has been extensively used to study diverse cellular activities involved in 
development, regeneration and pathogenesis because it can provide cells of interest with 
three-dimensional environments similar to in vivo conditions.8, 32 Matrices loaded with 
therapeutic biomolecules, cells, or both cells and biomolecules have been implanted to 
enhance repair and regeneration of critical-sized wounds and tissue defects.33, 34 Recently, 
hydrogels fabricated to present interconnected micro-sized pores are increasingly used for 3D 
cell culture and transplantation as well as drug delivery.35, 36 Specifically, a process to 
introduce micropores via freeze-drying of the gel is increasingly used because it is a simple 
and clean process without the need to use any porogens and organic solvents.37 Pore diameter 
of the microporous gel can be tuned by altering the rate of freezing of the gel; for example, 
decreasing the rate of freezing creates pores with a larger diameter due to the larger ice 
crystal formation.38  
 It is well agreed that a hydrogel with interconnected, sub-micron sized pores (i.e. 50 
to 300 µm-diameter) should be advantageous for biomolecular and cellular transports and 
further tissue formation in gel matrices.10, 39 However, the freeze-drying process often 
encounters a great variance in the interconnectivity of pores depending on the choice of gel-
forming molecules.40, 41 As a consequence, gels with poorly opened and interconnected 
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micropores lead to unsatisfactory cell loading efficiency and viability, and, ultimately, 
inhomogeneous or limited tissue formation.42 However, few efforts have been made to 
examine the mechanism underlying such variance of microstructure and to improve quality 
and functionality of the microporous hydrogel.  
In this study, it is hypothesized that size and number of opened micropores in the 
freeze-dried hydrogel is greatly dependent on the binding affinity between water and gel-
forming molecules. Stronger binding of the water molecules to a gel matrix would reduce 
entropy, such that heat is more readily removed to allow formation of more interconnected 
ice crystals during freezing.43 Therefore, the subsequent lyophilization would create larger 
micropores with enhanced interconnectivity in the gel matrix. To examine this hypothesis, a 
hydrogel of poly(ethylene glycol) diacrylate (PEGDA) and controlled amounts of alginate 
methacrylates was used 44 (AM) as a model hydrogel because alginate binds with water more 
strongly than PEGDA binds with water. Microstructure of the resulting microporous 
hydrogel was analyzed with images captured with a scanning electron microscope (SEM) and 
micro-computational tomography (µCT). The underlying mechanism in aspect of water-gel 
interaction was evaluated with a magnetic resonance imaging (MRI) system that can measure 
water relaxivity in the gel matrix.45 Finally, the freeze-dried, microporous hydrogels were 
used to evaluate the effects of the resulting micropore structure on 3D myotube formation by 
culturing skeletal myoblasts in the gel (Scheme 2.1). It is propose that the results of this study 
will greatly serve to enhance the quality of 3D cell culture and, ultimately, cell-based tissue 
regeneration therapies. 
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2.2 Materials and Methods  
2.2.1 Materials 
Poly(ethylene glycol) diacrylate with molecular weight of 700 g/mol and 2-(N-
morpholino) ethanesulfonic acid (MES), and 2-aminoethyl methacrylate (AEMA) came from 
Sigma Aldrich. Alginate was provided courtesy of FMC Biopolymer. 1-
hydroxybenzotriazole (HOBt) was purchased from Fluka. 1-ethyl-3-(e-dimethylaminopropyl) 
carbodiimide (EDC) was purchased from Thermo Scientific. Dulbecco’s modified Eagle’s 
medium (DMEM), fetal bovine serum (FBS), horse serum, and penicillin/streptomycin were 
purchased from Invitrogen. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) reagent was purchased from the American Type Culture Collection. All secondary 
antibodies were purchased from Life Technologies. The MF20 antibody was purchased from 
the Developmental Studies Hybridoma Bank. The oligopeptide with sequence GGGGRGDSP 
was purchased from Mimotypes Pty Ltd.  
2.2.2 Synthesis of alginate methacrylates (AM)   
Alginate with an average molecular weight of 250,000 g/mol was first exposed to γ-
rays to reduce the molecular weight to 100,000 g/mol46. The irradiation was conducted using 
a 60Co source at a dose of 2 Mrad for 4 hours.46 Second, the irradiated alginate was dissolved 
in 0.1 M MES buffer (pH 6.4) at a concentration of 1% (w/v). Third, HOBt and EDC were 
dissolved along with the alginate solution. Then, AMEA was added to the alginate solution. 
The amount of AMEA was determined by calculating the amount of AMEA required to react 
with 10 % of the uronic acid subunits on alginate. The molar ratio of HOBt: EDC: AMEA 
was kept constant at 2.0:2.0:1.0.44 The reaction was continued for 24 hours. After completion 
of the reaction, the alginate methacrylate was purified via dialysis (Fisher Scientific 3500 
MWCO) against deionized water for 24 hours, while replacing the water completely four 
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times. Finally, the purified product was frozen and lyophilized. The resulting alginate 
methacrylates were kept in dried powder form until they were used.  
The alginate methacrylate was analyzed using 1H NMR (Varian VXR 500) to confirm 
the presence of methacrylate groups (Figure 2.S1 A). Briefly, AM was dissolved in D2O at an 
approximate concentration of 5 mg/mL (Sigma-Aldrich). Then, an 1H-NMR spectrum was 
obtained at room temperature (Varian VXR 500).  To clarify the location of the analyte 
peaks, the D2O peak at 4.66 ppm was suppressed using solvent saturation techniques. To test 
for any degradation, this sample was stored at room temperature for over 1 month. Another 
1H-NMR spectrum was taken 1 month later, under the same conditions (Figure 2.S1 B).  
Titration with NaOH was used in order to determine the degree of substitution of the 
methacryate groups (DSMA) on the alginate chain47. Molecular grade water was used to make 
a 0.1 M NaOH solution and a 0.5 %(w/v) AM solution. Both the AM and NaOH solutions 
were degassed overnight in a desiccator attached to a vacuum line. The pH of the AM 
solution was adjusted to 2 using 1 M HCl and, subsequently, titrated with the degassed 0.1 M 
NaOH solution. The pH of the solution was monitored with a pH meter (Mettler Toledo) until 
the pH reached 12. Then, the equivalence point was determined from a plot of pH versus 
moles of NaOH added. The number of moles of NaOH added at the equivalence point was 
used to determine the number of moles of free carboxylate groups (Nfree). The degree of 
substitution of methacrylate groups (DSMA) was then calculated using the following 
equations47:  
𝐷𝑆!" % =    !!"#!!"##!!!"#   ×  100                                                  (2.1) 𝑁!"# = !!"#!!"#  ×  !!"##!"#                                                                   (2.2) 
where Nfree is the number of free carboxylate groups, determined through titration; Nsub is the 
number of moles of substituted methacrylate groups; malg is the mass of AM in the sample; 
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Navg is Avogadro’s number, and 176 and 287 are the molar masses of uronic acid and uronic 
acid substituted with methacrylate groups, respectively.  
2.2.3 Chemical modification of alginate methacrylates and alginates with cell adhesion 
oligopeptides  
Alginate methacrylates or alginates that would be used for cell experiments were 
dissolved in 0.1 M MES buffer (pH 6.4) at a concentration of 1% (w/v). Then, HOBt and 
EDC were dissolved along with the alginate solution. Then, the oligopeptides with sequence 
GGGGRGDSP, termed RGD peptides, was added to obtain two RGD peptides per alginate 
chain and allowed to react for 24 hours.12 The molar ratio of uronic acid:HOBt:EDC was kept 
constant at 1:3:2. The resulting alginates substituted with RGD peptides were purified 
through dialysis (Fisher Scientific 3500 MWCO) against deionized water over two days, 
while replacing the deionized water three times per day. The alginate was then sterilized 
through a membrane with 0.2 µm-diameter pores followed by lyophilization. The purified 
sterile alginate methacrylates substituted with RGD peptides and the alginate with RGD 
peptides were separately kept in powder form until they were used.  
2.2.4 Chemical modification of acryoyl poly(ethylene glycol) (PEG) substituted with cell 
adhesion oligopeptides, acryoyl-PEG-RGD.   
Acryoyl-PEG-RGD was synthesized following a well-established protocol.15, 48 
Briefly, acryloyl-PEG-NHS (Jenkem 7500 MW) was dissolved at a concentration of 10 
mg/mL in 50 mM sodium bicarbonate. Separately, the oligopeptides with sequence 
GGGGRGDSP, termed RGD peptides, were dissolved at a concentration of 1 mg/mL in 50 
mM sodium bicarbonate. The PEG and RGD peptide solutions were mixed 1:1 and allowed 
to react for 24 hours. Unconjugated RGD peptides were removed via dialysis (Fisher 
Scientific 3500 MWCO) against PBS. Acryloyl-PEG-RGD was recovered through freezing 
and subsequent lyophilization. The powder recovered from lyophilization was stored at -20 
°C until use.  
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2.2.5 Preparation of microporous PEGDA and PEGDA-alginate methacrylate hydrogels 
The 20 %(w/w) PEGDA solution and 2 %(w/w) alginate methacrylates solution were 
mixed to maintain a total polymer concentration of 6 %(w/w). The polymer compositions in 
that 6 % was varied by reducing mass fraction of PEGDA from 1 to 0.83, while increasing 
mass fraction of AM from 0 to 0.17. The polymer solution was mixed with 0.01 %(w/v) 
Irgacure 2959 dissolved in water. The concentration of alginate methacrylates in the pre-
gelled solution was varied from 0 to 0.5 and 1.0 %(w/w) while the concentration of PEGDA 
was varied from 6 to 5.5 and 5.0 %(w/w). The mixture was placed between two glass plates 
separated by 1 mm thickness-spacers and exposed to ultraviolet light for 10 minutes. Then, 
the resulting hydrogel was cut into disks with 5 mm-diameter and swollen in sterile deionized 
(DI) water for 48 hours.  For control experiments, hydrogels consisting of PEGDA and 
unmodified alginate were prepared. The mass ratios between PEGDA and unmodified 
alginate were also changed from 6.0:0.0 to 5.5:0.5 and 5.0:1.0. Finally, the resulting hydrogel 
was frozen at -20 oC overnight and, subsequently, lyophilized to create micropores in the gel 
using a freeze-drying unit (Labconco FreeZone 6). The resulting cryogels were kept dried 
until they were used.   
2.2.6 Analysis of mechanical and swelling properties of the hydrogel  
The elastic modulus of the hydrogel was measured using a mechanical tester (MTS 
Insight). The hydrogel was allowed to equilibrate with water for 24 hours. Then, the elastic 
modulus was quantified by uniaxially compressing the rehydrated gel at a rate of 1 mm per 
minute. Then, the elastic modulus was quantified by uniaxially compressing the rehydrated 
gel at a rate of 1 mm per minute. The compressive elastic modulus was quantified from the 
slope of the stress (σ) versus strain (ε) curve for the first 10 % strain47. The shear elastic 
modulus was calculated from the linear slope of the compressive stress versus-(ν-ν-2
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where, ν=1-ε, for the first 10 % strain, with the assumption that the hydrogel follows an 
affined network model.49  
The swelling ratio (Qm) of the microporous gel was quantified by sequentially 
incubating the gel in phosphate buffer saline (PBS) for 24 hours, measuring the gel mass, 
freeze-drying the gel and measuring the dried polymer mass. The swelling ratio was 
calculated by dividing the gel mass by the dried solid mass.49 Degree of swelling (Q) was 
further quantified using Eq. (2.3),50 
𝑄 = 𝜌! !!!! + !!!                                                               (2.3) 
where Qm represents the swelling ratio, and ρp and ρs represent the density of the polymer and 
water, respectively. For PEGDA-AM gels, ρp was calculated by taking the mass fraction of 
PEGDA and alginate methacrylates in the hydrogel, multiplying the mass fractions by the 
respective densities (ρPEGDA = 1.12 g/mL & ρAM = 1.6 g/mL), and adding the weighted 
densities together.  
2.2.7 Ice crystal geometry analysis 
After freezing the hydrogel at -20 oC overnight, cross-sectional diameter and area of 
ice crystals formed in the gel were measured from optical microscopic images using the 
ImageJ software. In order to inhibit thawing of ice, the gel was placed on top of a liquid 
nitrogen reservoir. The cross-sectional diameter of ice crystals was chosen to be the length of 
the major axis in case the cross-section had a non-circular shape.   
2.2.8 Magnetic resonance imaging (MRI) of hydrogels 
The water distribution was analyzed in the freshly prepared hydrogel and the 
rehydrated microporous hydrogel using a 600 MHz Varian Utility/Inova nuclear magnetic 
resonance (NMR) spectrometer (14.1 T magnet) at room temperature. MR images of the 
freshly prepared gel were captured by cross-linking aqueous mixtures of PEGDA and 
alginate methacrylates in tubes with 1 mm diameter and placing them into a radio frequency 
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coil. Separately, in order to examine rehydration of the microporous gels, PEGDA and 
PEGDA-AM gels were prepared in tubes with 1 mm diameter and freeze-dried.  
The rehydrated microporous hydrogel was prepared by adding 5 µL of DI water onto 
the surface of the freeze-dried gel before imaging. Following the addition of the deionized 
water to examine water absorption by the freeze-dried gel, the processes of adding the 5 µL 
of DI water and imaging were repeated every 5 minutes for 15 minutes. Water was added 
repeatedly in order to make sure all the added water was absorbed into the freeze-dried gel. 
Images of the hydrogels were taken with the spin echo multi-slice (SEMS) pulse sequence. 
There was no change in the degree of swelling during this imaging for all gel conditions.  
Maps of the water density were obtained using VNMR 6.1 C software. Images were 
captured with a repetition time of 300 ms and an echo time of 10 ms, field of view of 1.0 cm 
by 1.0 cm, 1.0 mm slice thickness, and 256 x 256 pixel resolution. The pseudo-coloring was 
applied to water density images using Image J (1.46 version, NIH) for visualization. The 
varied signal in each voxel was accounted for by averaging values throughout 1 mm-
thickness slice and examining 3 slices per sample. The fraction of bound water was 
quantified by converting the images to 8 bit images. Then, Image J software was used to 
quantify the fraction of the pixels that were greater than the threshold pixel value, which was 
arbitrarily set to 235. 
Bound water was further analyzed through determining the longitudinal relaxation 
time, T1. T1 was determined using the inversion recovery pulse sequence.51 Briefly, the 
initial magnetization in the magnet is inverted and the recovery is fitted to Eq. (2.4),51 𝑆 𝑡 = 𝑆! 1− 2𝑒!!/!!                                                         (2.4) 
where S is the signal intensity, t is time, and S0 is the initial signal intensity.  
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2.2.9 Microstructural analysis of the freeze-dried gel 
The resulting microstructure created by the freeze-drying of fresh hydrogels was 
analyzed with micro computational tomography (µCT). µCT images were captured using the 
µCT (Xradia MicroXCT-400 microtomography machine). X-ray settings were standardized 
at 30 kV and 200 µA, and exposure time per frame of 2 seconds. The void volume and 
average pore size of the freeze-dried gels were quantified using a computer program written 
in Python by the authors. The porosity was calculated from the µCT images captured with 
multiple gel slices by the following Eq (2.5),  𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =    !!"#$!!"!#$                                                     Eq (2.5) 
where Npore is the number of pixels occupied by the micropores and Ntotal is the total number of 
pixels occupied by the microporous gel. Npore and Ntotal  were quantified using ImageJ. 
2.2.10 Preparation of the cell-laden microporous hydrogel and 3D cell culture  
For 3D cell culture, cell culture media suspended with cells at a concentration of 1 
million cells/mL was placed on the freeze-dried gel. The gels were further incubated in DI 
water or cell culture media until they were analyzed. In this study, primary myoblasts, 
isolated from neonatal C57BL6 mice, were loaded into freeze-dried gels by adding 20 µL of 
cell suspension at a concentration of 1 million cells/mL Then, cells were cultured in the high 
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 20% fetal 
bovine serum (FBS) and 1% Penicillin/Streptomycin (P/S). Then, myogenic differentiation 
was activated with the high glucose DMEM supplemented with 2% horse serum (HS) and 
1% P/S.  Cells were cultured in the differentiation media for ten days before analysis.  
2.2.11 Cell assays 
The proliferation of primary muscle cells was analyzed using the MTT cell 
proliferation assay kit (American Type Culture Collection (ATCC)). Cells were incubated 
with the MTT reagent for 4 hours. At the end of four hours, the ATCC proprietary sodium 
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dodecyl sulfate (SDS)-based detergent solution was added to lyse the cells and incubated for 
18 hours at 37 °C to allow the reagent to penetrate the gel.52 The lysate was then transferred 
to a 96 well plate and absorbance at 570 nm was measured using a plate reader (BioTek KC4 
96). Separately, muscle creatine kinase (MCK) activity was measured using a kit from Pointe 
Scientific. Briefly, the cells were incubated in a solution containing imidazole buffer (pH 6.7) 
and N-acetylcysteine at 37 °C for 30 minutes and the increase in absorbance per minute of 
nicotinamide adenine dinucleotide (NADH), a direct byproduct of creatine kinase activity, 
was quantified at 340 nm using a plate reader.  
2.2.12 Immunohistochemical analysis of engineered 3D muscle tissue 
Cells incubated in the myogenic differentiation media for 10 days were fixed for 30 
minutes in 4% (w/v) formalin. Cells were then incubated overnight with MF20 primary 
antibody for myosin at a 1:300 dilution, followed by incubation with AlexaFluor 594-
conjugated secondary antibody (1:1000 dilution), and AlexaFluor 488-conjugated phalloidin 
(1:400 dilution) for 2 hours. Finally, the cells were incubated with 4’,6-diamidino-2-
phenylindole (DAPI) for 5 minutes. The cells in the gel were then imaged using a confocal 
microscope with a 63X oil immersion objective (Zeiss LSM 710 NLO).  
2.2.13 Statistical Analysis 
  Four samples were analyzed per condition. One-way analysis of variance (ANOVA) 
was used to determine the statistical significance of data. Tukey’s post hoc tests were applied 
to all the pairwise differences between means. Data was considered significant for p values < 
0.05.  
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2.3 Results  
2.3.1 Synthesis and Characterization of alginate methacrylate (AM) synthesis 
Alginate was modified with methacrylate groups by reacting the primary amine of the 
2-aminomethacrylate with the carboxylate groups of the alginate44. The substitution with 
methacrylate was confirmed via 1H NMR (Figure 2.S1). The degree of substitution of 
methacrylate was determined to be 10% through titration (Figure 2.S2) and Equations (2.1) 
and (2.2) shown above. 
2.3.2 Characterization of PEGDA-alginate methacrylate (AM) hydrogel  
Hydrogels were prepared by inducing cross-linking reaction between PEGDA and 
controlled amount of AM, while keeping total polymer concentration constant.  Increasing 
the fraction of AM in the hydrogel from 0 to 1.0 %(w/v) at a total concentration of 6 %(w/v) 
minimally changed an elastic modulus and swelling ratio of the hydrogel (Figure 2.1A & 
2.1B). The number of cross-links was further calculated with an assumption that the PEGDA-
AM hydrogel behaves like an elastic network model,53, 54 Eq.(2.6), 
  𝑁 = !!!/!!"                                                                Eq. (2.6) 
where N is the number of crosslinks, R represents the ideal gas constant (8.314 J mol-1 K-1), T 
represents the temperature at which the modulus was measured (~298 K), G represents the 
shear modulus, and Q represents the degree of swelling. The N values were almost 
independent of the AM concentration (Figure 2.1C).  In contrast, incorporation of AM into 
the PEGDA hydrogel significantly increased the fraction of water bound to the gel matrix as 
examined with magnetic resonance (MR) images. The unit measures the relaxation rate of 
water distributed within a gel and converts the relaxation rate into images. Pixels pseudo-
colored with yellowish color in the digitalized MR images represent water molecules more 
strongly bound to the gel matrix (Figure 2.2A).  
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According to MR images and quantification made by counting the yellowish pixels, 
increasing concentration of AM from 0 to 0.5 and 1.0 %(w/v) led to two- and ten-fold 
increase of the number of water molecules bound to the gel, respectively (Figure 2.2B). 
Average T1 relaxation time of water molecules in the gel was further calculated by using the 
inversion recovery pulse sequence and fitting the signal recovery to Eq. (2.4). The increase in 
concentration of AM from 0 to 1.0 %(w/v) decreased the T1 relaxation time by 1.5 times, 
indicating a decrease in the mobility of water molecules in the gel matrix enriched with AM 
(Figure 2.2C).    
2.3.3 Assembly and analysis of the freeze-dried PEGDA-AM cryogel 
The PEGDA-AM hydrogels prepared with controlled amounts of AM were freeze-
dried to prepare cryogels with interconnected micropores. During the first freezing step at -20 
oC, a larger size and a larger number number of ice crystals were formed in the hydrogels 
containing higher concentrations of AM. Accordingly, the cross-sectional area of the gel 
occupied by the ice crystals increased from 430 to 1,500 µm2 as the concentration of AM 
increased from 0 to 1.0 %(w/v) (Figure 2.3A). The average diameter of ice crystals was also 
increased from 20 to 60 µm with increasing the concentration of AM (Figure 2.3B). 
These different microstructures of ice crystals in frozen hydrogels significantly 
influenced the microstructure of cryogels formed by the lyophilization process that removed 
ice crystals via sublimation. The 2D cross-sectional and 3D cryogel images captured using 
micro computational tomography (µCT) also confirmed the enhanced formation of 
interconnected pores with increasing concentration of AM (Figure 2.4A & 2.4B). 
Incorporation of AM in the PEGDA-AM hydrogel greatly contributed to creating uniformly 
distributed micropores. According to quantification, the average cross-sectional area of 
micropores increased from 3.0 x 104 to approximately 1.6 x 105 µm2 (Figure 4C). 
Accordingly, increasing the concentration of AM from 0 to 1.0 % (w/v) resulted in almost 7-
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fold increase of the porosity, quantified with the areal ratio of total micropores to the gel 
surface (Figure 4D).  
Such differential pore size and fraction in the cryogel had profound effects on the 
rehydration process. The cryogel was re-hydrated by introducing aqueous media. 
Interestingly, the PEGDA-AM cryogel underwent more rapid increase of the gel mass due to 
enhanced water entry into the matrix than the pure PEGDA cryogel (Figure 2.5A).  
The change in degree of rehydration over time was also examined with MR images. 
As expected, the pure PEGDA gel significantly limited water entry into the gel. In contrast, 
the PEGDA-AM gels facilitated water entry into the gel, such that water molecules in the 
rehydrated PEGDA-AM gels were more uniformly distributed than those in the pure PEGDA 
hydrogel (Figure 2.5B). Additionally, water molecules were more strongly bound to the 
rehydrated PEGDA-AM gel with increasing concentration of AM, as noted with larger 
number of pixels filled by the yellowish color in the digitally pseudo-colored MR images. In 
contrast, the rehydrated pure PEGDA hydrogel presented a large fraction of free water, 
marked by the dark blue color. Average T1 relaxation time of water molecules in the gel was 
further calculated by using the inversion recovery pulse sequence. The increase in 
concentration of AM from 0 to 1.0 %(w/v) decreased the T1 relaxation time by 1.5 times, 
indicating a decrease in the mobility of water molecules in the gel matrix enriched with AM.  
This decrease in T1 relaxation can be accounted for by the AM reducing the number of 
hydrogen bonds between water molecules. 
 
In contrast, incorporation of the unmodified alginate into the PEGDA hydrogel 
instead of AM resulted in limited ice crystal formation in a gel during freezing, similar to the 
pure PEGDA hydrogel. The subsequent lyophilization created a cryogel with much smaller 
number and size of pores than the PEGDA-AM hydrogel. Following lyophilization, the 
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microstructure of the cryogel was closer to the pure PEGDA cryogel system, as displayed in 
the SEM image (Figure 2.S3).  
2.3.4 In vitro myotube formation in the microporous hydrogels 
The pore size and interconnectivity of the cryogel and subsequent degree of 
rehydration directly influenced intercellular organization and myotube formation of skeletal 
myoblasts cultured in the rehydrated cryogel. For the cell culture study, AM substituted with 
integrin-binding peptides containing the Arg-Gly-Asp sequence, termed as RGD-AM, was 
introduced into the PEGDA-AM hydrogels at a concentration of 0.5 %(w/v). The pure 
PEGDA hydrogel was modified with acryoyl-PEG-RGD at a concentration of 0.003% in 
order to have the same number of adhesion peptides presented as in the gels incorporating 
RGD-AM. Therefore, it is proposed that the same number of cell adhesion ligands were 
presented in the hydrogels of all conditions. 
Interestingly, loading efficiency of primary myoblasts, quantified by counting the 
number of cells introduced into the gel, linearly increased with increasing concentration of 
AM in the hydrogel (Figure 2.6A & 2.6B). After 48 hours of incubation, the number of 
metabolically active cells that converted MTT reagents into purple colored formazan was 
6.7-fold higher with the PEGDA-AM hydrogel containing 1 % (w/v) AM than the pure 
PEGDA cryogel (Figure 2.6B).  The cell proliferation rate was further analyzed through 
monitoring the increase of the absorbance of formazan over time using Eq. (2.7)55 fitted to the 
MTT absorbance data (Figure 2.6C), 
 !!!!" = 𝜇𝑋! !!"#!!!!!"#                                                Eq. (7) 
where Xv represents the cell number at a given time point, µ represents the cell growth rate, 
and Xmax represents the number of cells at confluence. The number of cells in the microporous 
gel significantly increased with increasing concentration of AM. However, the cell growth 
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rate, µ, remained relatively constant with varying AM concentration, as quantified by fitting 
the curve of the formazan absorbance versus time to Eq. (2.7) (Figure 2.S4).  
It should be noted that the results of the cell viability assay conducted with MTT 
reagents can be partially mitigated by diffusivity of reagents. Therefore, more thorough 
analysis should be conducted in future studies using cells engineering to endogenously 
express green fluorescent protein fused with cell apoptosis markers.  
The hydrogels loaded with myoblasts were further incubated in DMEM supplemented 
with horse serum to induce myogenic differentiation and finally create muscle-like tissue. 
Increasing concentration of AM of the hydrogel exponentially increased the myogenic 
differentiation level evaluated by measuring the expression level of muscle creatine kinase 
(MCK), a metabolic marker in mature muscle (Figure 2.7A).  
According to confocal images of cell-laden hydrogels, cells were mostly localized on 
the pure PEGDA gel surface. Few cells were found in the gel bulk. Accordingly, limited 
masses of myotubes were formed on only the top layer of the pure PEGDA hydrogel with 
minimal cell penetration into the bulk gel (Figure 2.7B & 2.S5A). In contrast, the PEGDA-
AM hydrogels showed more uniform distribution of cells along the gel thickness, due to 
enhanced cell infiltration into the gel matrix. Therefore, a larger number of cells were found 
in the bulk of the PEGDA-AM hydrogel than it was in the pure PEGDA hydrogel (Figure 
2.7C, 2.7D, 2.S5B & 2.S5C). As such, the larger mass of myotubes, identified with positive 
staining of myosin heavy chain, was created in the 3D microporous PEGDA-AM hydrogel. 
Specifically, the largest fraction of myosin heavy chain was found in the gel modified with 
1.0 %(w/v) AM (Figure 2.7D).  
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2.4 Discussion 
This study demonstrated a method to control the microstructure of PEGDA cryogels 
by incorporating polysaccharides modified to cross-link with PEDGA. Specifically, 
lyophilization of the PEGDA-based hydrogel modified with controlled amounts of alginate 
methacrylates (AM) resulted in cryogels with larger micropores with enhanced 
interconnectivity, compared to the pure PEGDA cryogel. In contrast, the unmodified alginate 
had minimal effects on tuning the microstructure of the PEGDA gel. According to MR 
images of the fresh hydrogels, a mass of bound water in both fresh hydrogels and rehydrated 
microporous gels was increased with concentration of AM. Therefore, rehydration of the 
PEGDA-AM hydrogel with myoblast cell suspension led to more uniform distribution of 
cells and, subsequently, improved cell-derived muscle tissue formation.  
By combining MR images of the fresh hydrogel and µCT images of the cryogel, it is 
suggested that the increased porosity of the freeze-dried PEGDA-AM hydrogel should be 
attributed to the larger fraction of water bound to the gel.  The AM with five hydroxyl groups 
per uronic acids would be more hydrophilic than PEGDA, specifically for low molecular 
weight PEGDA.56 Water molecules could be strongly associated with cross-linked polymeric 
networks in the PEGDA-AM hydrogel prepared with higher concentration of AM, as 
confirmed with MR images. The water molecules bound to the gel are characterized by the 
slower relaxation, which is inversely proportional to the water-polymer binding affinity. Such 
bound water should be at a more ordered state, with lower entropy, than the free water 
enriched in the pure PEGDA hydrogel. As such, it is suggested that the PEGDA-AM 
hydrogel transfers heat into surroundings more readily than the pure PEGDA hydrogel,57 thus 
forming larger and better interconnected pores following lyophilization, as confirmed with 
µCT images.   
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The significant role of molecular order in ice crystal formation was suggested by the 
control hydrogel consisting of PEGDA and unmodified alginate. In this hydrogel system, 
alginate should be mobile in a gel matrix, thus making water molecules associating with 
alginate molecules remain at high entropic state, similar to water in the pure PEGDA 
hydrogel. Conversely, alginate substituted with too large a number of methacrylate groups 
may become hydrophobic, thus reducing the fraction of bound water and therefore resulting 
in limited micropore formation. It is proposed that this study reports, to the best of our 
knowledge, for the first time, the crucially important role of water-matrix binding affinity on 
ice crystal formation and subsequent micropore architecture of the cryogel. 
Another interesting finding was that increase of the concentration of AM minimally 
influenced the degree of swelling while it increased the mass fraction of AM. It is suggested 
that such independency of the degree of swelling on the concentration of AM is because the 
swelling is largely influenced by osmotic pressure difference determined by the pore 
diameter of the gel matrix. In contrast, the mass fraction of bound water is mainly dependent 
on the binding affinity between gel-forming polymers and water molecules. Such disparity 
between the swelling and the mass fraction of bound water was already reported in previous 
studies.52, 58  
The resulting interconnected porous structure of PEGDA-AM cryogel should 
facilitate water uptake into the matrix during rehydration. By contrast, the poorly opened 
porous structure of the pure PEGDA cryogel negatively influenced water transport into the 
cryogel. The difference of water distribution between these two conditions was clearly 
illustrated by the faster increase of water mass and uniform distribution of water in the gel 
shown in the MR images. The hydrophilic AM should also serve to directly improve water 
uptake into the cryogel.  
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The PEGDA-AM gel with the enhanced interconnectivity of micropores was an 
advantageous for loading cells into the cryogel and further driving them to uniformly 
distribute in the 3D gel matrix. The localization of cells mostly on the pure PEGDA gel 
surface following rehydration should be attributed to the closed and poorly interconnected 
small micropores. Our results also suggested that the microporous PEGDA-AM gel facilitates 
continued transports of oxygen and nutrients to the cells immobilized on the micropore walls 
of the gel, making cells more active for proliferation and differentiation. 
The faster increase of the metabolically active cells over time and the higher 
myogenic differentiation level of the skeletal myoblasts marked by myosin protein and 
muscle creatine kinase illustrate the important role of micropore architecture on cellular 
phenotypic activities in a 3D matrix.   
Additional modification to make PEGDA-AM hydrogels biodegradable, for example, 
by incorporating hydrolytically labile oxidized AM44 would further promote recreation of 
skeletal muscle tissue. Therefore, the PEGDA-AM gel loaded with stem or progenitor cells 
with a potency to differentiate to myoblasts could be used to treat skeletal defects via new 
muscle regeneration.  The PEDGA-AM gel loaded with cytokines to stimulate cell migration 
also can be used to stimulate migration of host cells into the gel and support new muscle 
regeneration in situ.32 
Lastly, it is proposed that the results of this study will significantly contribute to 
advancing past efforts to control pore size and architecture of the gel potentially used for 
drug delivery and tissue engineering. Past studies to prepare micro and macroporous gel 
mainly focused on optimizing the process to introduce interconnected ice crystals via 
freezing and also couple it with various porogens.59, 60 To the best of our knowledge, this 
study is the first demonstration that the chemical properties of the gel can mitigate 
microporous structure of the gel and elaborate microenvironment of cells cultured in the 3D 
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matrix. It is therefore suggested that the design principles underlying this study will be 
broadly useful to improving control of properties and structure of a wide array of hydrogel 
systems.  
2.5 Conclusions  
The incorporation of alginate methacrylates facilitated the formation of 
interconnected pores in the freeze-dried PEGDA-AM hydrogel, likely due to the reduced 
entropic effect and subsequently improved heat transfer during freezing. The resulting 
micropore architecture of the PEGDA-AM hydrogel facilitated the infiltration of cells and 
further improved viability of cells inside the matrix. The interconnected pores in the PEGDA-
AM hydrogel also increased myosin expression of loaded myoblasts, which indicated better 
myogenic differentiation than the pure PEGDA gel. These findings will greatly contribute to 
resolving challenges on the microstructural variance that the conventional cryogel process 
often encountered. Therefore, the results of this study will be broadly useful to improving 
quality of a wide array of materials systems potentially used for 3D cell culture and therapies.  
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Scheme 2.1: Schematic of the experimental process depicting the formation of the 
microporous hydrogel and 3D myoblasts culture. 
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Figure 2.1: Formulation and characterization of PEGDA-alginate methacrylate (AM) 
hydrogels.  (A) The elastic moduli of hydrogels with varying AM concentrations. (B) The 
degree of swelling of hydrogels with varying AM concentrations. (C) The number of cross-
links (N) of hydrogels with varying AM concentrations. In all plots, there is no statistical 
significance between the values. 
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Figure 2.2: MR analysis of bound water contents in PEGDA and PEGDA-AM hydrogels. 
(A) MR images of 0 % AM + 6.0 % PEGDA (A-I), 0.5% AM + 5.5% PEGDA (A-II), and 
1.0 % AM + 5.0 % PEGDA (A-III). The pseudo-colored scale bar represents the degree of 
binding between water and a gel matrix. The yellowish color represents more bound water. 
The units of the scale bar indicate grayscale signal intensity. (B) Quantification of the areal 
fraction of bound water by counting the number of pixels pseudo-colored by yellow color. 
(C) Plot of T1 relaxation quantified from MR images of the gels prepared with varied 
concentrations of alginate methacrylate (AM)s. In (B & C) plot, * and † indicate statistical 
significance of values between the 0.0 % AM and 0.5 % AM and that between 0.0 % AM and 
1.0 % AM in the hydrogel, respectively (*p < 0.05, †p < 0.05, n = 4). In (C), ** also indicates 
a statistically significant difference of the values between the 0.5% AM and 1.0% AM 
hydrogels (**p < 0.05, n = 4).  
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Figure 2.3: Analysis of ice crystals in the frozen hydrogels. (A) Effects of AM concentration 
on the average cross-sectional area of ice crystals following freezing of the hydrogels. (B) 
Effects of AM concentration on the diameter of ice crystals. In (A) & (B), ** and † indicate 
statistical significance of values between the 0.0 % AM and 0.5 % AM and that between 0.0 
% AM and 1.0 % AM in the hydrogel, respectively (p < 0.05, n = 4). * indicates a 
statistically significant difference between the 0.5% AM and 1.0% AM hydrogels (p < 0.05, 
n = 4).  
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Figure 2.4: Microstructural analysis of microporous cryogel using µCT. (A) Representative 
cross-sectional µCT images of porous hydrogels with 0.0 % AM (A-I), 0.5% AM (A-II), and 
1.0 % AM (A-III). (B) Three dimensional µCT images of porous hydrogels with 0.0 % AM 
(B-I), 0.5% AM (B-II), and 1.0 % AM (B-III). Calculations of the average pore area of the 
matrixes (C) and porosity (D) from the µCT images. In (C) and (D), ** and † indicate 
statistical significance of values between the 0 % AM and 0.5 % AM and that between 0.0 
and 1.0 % AM in the hydrogel, respectively (p < 0.05, n = 4). * indicates a statistically 
significant difference between the 0.5% AM and 1.0% AM hydrogels (p < 0.05, n = 4). 
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Figure 2.5: Analysis of rehydration for the freeze-dried gel. (A) Changes of the gel mass 
over time during the rehydration process for the cryogels containing 0.0 % AM (black), 0.5% 
AM (blue), and 1.0% AM (red). (B) Effects of AM concentration on α, the rehydration rate 
constant. The α value was quantified by fitting the curves of the mass increase over time to 
Eq. (4). (B) Magnetic resonance images of porous hydrogels captured after rehydrating the 
freeze-dried gels for 0 (B-I), 5 (B-II), 10 (B-III), and 15 minutes (B-IV). The pseudo-colored 
bar indicates the level of binding between water and a gel matrix. The units of the scale bar 
indicate grayscale signal intensity. The dot circles in MR images represent the periphery of 
the hydrogel disks.  
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Figure 2.6: Analysis of cell viability and proliferation in microporous gel matrices. (A) 
Bright field images of metabolically active, primary myoblasts cultured in microporous 
PEGDA hydrogels modified with 0 % AM (A-I), 0.5 % AM (A-II), and 1.0 % AM (A-III). 
The metabolically active cells were identified using a MTT reagent. The cell activities were 
evaluated two days after loading cells into the gels.  Red arrows in the bright field images 
indicate the metabolically active cells. (B) primary myoblasts per area (1150 µm by 860 µm) 
found in 4 representative cross sections of porous hydrogels of varying AM concentrations. 
(C) The MTT absorbance of myoblasts in microporous gels with 0.0 % AM (white), 0.5% 
AM (gray), and 1.0 % AM (black). In (B), ** and † indicate statistical significance of values 
between the 0 % AM and 0.5 % AM and that between 0.0 and 1.0 % AM in the hydrogel, 
respectively (p < 0.05, n = 4). * in (B) indicates a statistical significance of values between 
0.% AM and 1.0% AM (p < 0.05, n = 4). 
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Figure 2.7: Analysis of 3D cell incorporation and myogenic differentiation of primary 
myoblasts in microporous hydrogels. (A) The muscle creatine kinase activity of primary 
myoblasts at varying AM concentrations. Three-dimensional confocal images of intracellular 
actin (green), myosin (red), and DAPI (blue) in PEGDA hydrogels modified with 0 % AM 
(B-I), 0.5% AM (C-I), and 1.0 % AM (D-I). Side view confocal images of primary myoblasts 
differentiated in microporous hydrogels for myosin (red) and DAPI (blue). The AM 
concentration was varied from 0.0 % (B-II) to 0.5 % (C-II) and 1.0 % (D-II). In (A), ** and † 
indicate statistical significance of values between the 0 % AM and 0.5 % AM and that 
between 0.0 and 1.0 % AM in the hydrogel, respectively (p < 0.05, n = 4). * in (A) indicates 
a statistical significance of values between 0.% AM and 1.0% AM (p < 0.05, n = 4). 
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Figure 2.S1: 1H-NMR spectra for alginate methacrylate. (A) Spectrum immediately after 
dissolving. (B) Spectrum after 1 month in solution.  
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Figure 2.S2: Titration curve of the alginate methacrylate to determine the degree of 
substitution for methacrylate groups.  
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Figure 2.S3: Scanning Electron Microscopy (SEM) Pictures of PEGDA-unmodified alginate 
gels with varying alginate concentration. SEM images of pure PEGDA (A), PEGDA + 0.5 % 
(W/V) alginate (B), and PEGDA + 1% Alginate (C). 
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Figure 2.S4: The MTT absorbance of primary myoblasts cells cultured in microporous 
PEGDA hydrogels modified with 0 % AM (black), 0.5% AM (blue), and 1.0 % AM (red). 
The data points were fitted to a kinetic model for cell growth. 
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Figure 2.S5: Three-dimensional confocal images of intracellular actin (green), myosin (red), 
and DAPI (blue) in PEGDA hydrogels modified with 0 % AM (A-I), 0.5% AM (B-I), and 1.0 
% AM (C-I). Side view confocal images of primary myoblasts differentiated in microporous 
hydrogels for actin (green), myosin (red), and DAPI (blue). The AM concentration was 
varied from 0.0 % (A-II) to 0.5 % (B-II) and 1.0 % (C-II). 
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CHAPTER 3: MICROCHANNELED MATRIX USED TO FACILITATE 
MYOGENIC DIFFERENTIATION DECOUPLED FROM MATRIX 
STIFFNESS 
3.1	  Introduction	  
Biomaterial matrices are often used to regulate phenotypic activities of cells. Perhaps 
one of the most ubiquitously probed properties is mechanical stiffness, which is known to 
regulate a numerous cellular functions due to the cell’s ability to sense and probe its 
environment.61-63 However, the control of matrix stiffness often comes with tradeoffs in 
structural integrity and transport within the matrix.52, 53 For example, increases in matrix 
stiffness often results in decreases in the swelling ratio and diffusivity which limits bioactive 
transport within the material, and, subsequently cell viability.10, 64 
Additionally, matrix stiffness has also been shown to play an important role in 
regulating cell differentiation in two-dimensional studies.17, 65 Previous studies, in two-
dimensions, have suggested that muscle differentiation is achieved best at physiological 
stiffness (~10 kPa).17, 25 However, the importance in three-dimensional studies is less well 
understood. Additionally, other properties such as gel permeability and structure have been 
shown to play important roles in regulating cell activities.52, 66, 67   
 In the case of muscle formation, alignment has also been shown to improve myogenic 
differentiation.68-70 Most approaches to induce alignment have focused on alignment in two 
dimensions through the patterning of cell adhesion proteins or surface topography.68, 70 Few 
studies have examined the alignment in three dimensions. Recently, uniaxial freezing has 
been used to create globally aligned microchannels.32  
Many muscle differentiation studies focus on the use of collagen as the extra cellular matrix 
cue.71-74 However, to the best of my knowledge, no one has looked at how collagen fiber 
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thickness influences myogenic differentiation. It has recently been demonstrated that 
collagen fiber thickness can be tuned to create fibers similar to perimysial muscle fibers 
through mixing with controlled amounts of poly(ethylene glycol) (PEG)-diOH.75 
In this study, it is hypothesized that by controlling the immediate microenvironment 
probed by primary myoblasts in aligned microchannels, it would be possible to decouple the 
dependence of myogenic differentiation on matrix stiffness. Given the appropriate cell 
adhesion cues from collagen and appropriate fiber size, the cells would not be influenced by 
the bulk material properties. In order to examine this hypothesis microchannels were 
introduced into alginate gels and filled the microchannels with either a pure collagen gel or a 
collagen-PEG-diOH gel. As a control system, collagen coated microchannels were used. The 
structure of the fibers in the microchannels was evaluated with micro computer tomography 
(µCT). Myogenic differentiation was evaluated by encapsulating primary myoblasts inside 
collagen or collagen-PEG-diOH gels and comparing the differentiation to differentiation in 
the control system. It is proposed that the results of this study will greatly serve to enhance 
the quality of 3D myogenic cell culture and, ultimately, cell-based muscle regeneration 
therapies.  
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3.2 Materials and Methods 
3.2.1 Assembly of microchanneled matrix  
 The microchanneled matrix was assembled in accordance with a previously 
established protocol32. Briefly, alginate (MW 250,000 g/mol, LF 20/40, FMC Biopolymer) 
was dissolved in 0.1 M (N-morpholino)ethanesulfonic acid (MES) buffer (Sigma Aldrich) 
(pH 6.5) at a concentration of 1 % (w/v). Next, 1-Hydroxybenzotriazole (HOBT, Fluka), 1-
ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC, Thermo Scientific), and adipic acid 
dihydrazide (AAD, Sigma-Aldrich), are added sequentially to the alginate solution. The 
molar ratio between AAD and the uronic acid subunit of alginate was varied from 0.01 to 
0.02 to 0.04. The molar ratio between uronic acid, EDC, and HOBT was kept constant at 
1:1:0.5. The resulting pregel mixture was poured between two glass plates separated by 1 mm 
spacers and allowed to cure for 10 minutes. Once polymerized, a 5 mm hole punch is used to 
punch out 5 mm hydrogel disks and allowed to equilibrate with deionized water for 12 hours.  
The gel disk is next placed on a 0.5 mm thick copper plate. Prior to placing the gels 
on the copper plate, the copper plate was in contact with a liquid nitrogen bath for 5 minutes 
in order to bring the temperature close to -196 °C.76, 77 The temperature gradient created by 
the placing the copper plate on the liquid nitrogen bath generated an ice front that moved 
away from the copper plate and created ice columns in the hydrogel. The volume of liquid 
nitrogen was kept constant in order to have reproducible results between batches. The frozen 
gel was lyophilized (Labconco FreeZone 6) to remove the ice columns, leaving behind frozen 
microchannels. The freeze-dried gels are stored at -20 °C until used.  
3.2.2 Assembly of collagen filled microchanneled gels and collagen-poly(ethylene glycol)-
diOH filled gels 
The microchanneled gels are first sterilized by being placed under UV light for 30 
minutes. To make the collagen filled microchanneled gels, a collagen pre-gel solution is 
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prepared by mixing collagen (3 mg/mL, Advanced BioMatrix) and Dubelcco’s Modified 
Eagle Medium (DMEM, Corning) at a 1:1 volume ratio.  Then, 12.5 %(v/v) reconstitution 
solution, consisting of 0.26 M sodium hydrogen carbonate (Sigma-Aldrich), 0.2 M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich), and 0.04 N sodium 
hydroxide (NaOH, Sigma-Aldrich), is added to the collagen mixture. Finally, 10 % (v/v) of 
0.1 M NaOH is added to the pre-gel mixture. The solution is vortexed to ensure that it is 
mixed thoroughly and then 20 µL are added to each microchanneled gel. The gels are then 
placed at 37 °C for 30 minutes for polymerization. Collagen-poly(ethylene glycol)-diOH 
filled microchanneled gels are prepared in the same way. The only difference is the addition 
of PEG-diOH (Mw 7500, Sigma-Aldrich) to the pre-polymer solution at a 25:1 PEG-diOH to 
collagen mass ratio75.  
3.2.3 Assembly of collagen coated microchanneled matrix 
 Microchanneled gels are first sterilized by being placed under UV light for 30 
minutes. A 1.5 mg/mL collagen solution is prepared by diluted the 3 mg/mL PureCol using 
DMEM. 20 µL of collagen solution is added to each microchanneled gel and placed at 4 °C 
in order to prevent gelation. The gel is kept at 4 °C overnight to allow the microchanneled gel 
to absorb the collagen solution. The gel is next frozen at -20 °C and lyophilized to remove 
any moisture. The collagen coated microchanneled gels are kept at -20 °C until use.  
3.2.4 Measurement of the elastic modulus and swelling properties of the microchanneled 
matrix 
The microchanneled gel was allowed to equilibrate with deionized water for 24 hours. 
The elastic modulus of the hydrogel was measured using a mechanical tester (MTS Insight). 
The elastic modulus was quantified by uniaxially compressing the rehydrated gel at a rate of 
1 mm per minute. The compressive elastic modulus was quantified from the slope of the 
stress (σ) versus strain (ε) curve for the first 10 % strain47.  
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The swelling ratio (Qm) of the microporous gel was quantified by sequentially 
incubating the gel in deionized for 24 hours, measuring the gel mass, freeze-drying the gel 
and measuring the dried polymer mass. The swelling ratio was calculated by dividing the gel 
mass by the dried solid mass.49 Degree of swelling (Q) was further quantified using Eq. 
(3.1),50 
 𝑄 = 𝜌! !!!! + !!!                                                               (3.1) 
where Qm represents the swelling ratio, and ρp and ρs represent the density of the polymer (ρp 
= 1.6 g/mL)50 and water, respectively.  
  
3.2.5 Analysis of microstructure of microchanneled matrix 
The resulting microstructure created by the freeze-drying of fresh hydrogels was 
analyzed with micro computational tomography (µCT). µCT images were captured using the 
µCT (Xradia MicroXCT-400 microtomography machine). X-ray settings were standardized 
at 30 kV and 200 µA, and exposure time per frame of 2 seconds. 
In order to maintain the structure of the collagen fibers, the filled and coated 
microchanneled gels were first fixed with 4% (w/v) formalin and dehydrated via serial 
ethanol dilution. The microchanneled gels were incubated for 10 minutes each with 37% 
ethanol, 67% ethanol, and 95% ethanol. Finally, the gels are incubated three times for ten 
minutes each with 100% ethanol. The dehydrated gel is then placed in the critical point dryer 
(Tousimis Samdri-PVT-3D) and dried with CO2. The dried gels were next sputter coated with 
platinum before imaging with Environmental Scanning Electron Microscopy (ESEM, FEI 
Philips XL30 ESEM-FEG). 
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3.2.6 Analysis of stiffness of channel filling materialå 
The shear modulus of collagen and collagen-PEG-diOH gels were measured using a 
rheometer. Three samples were measured per condition. The gels were prepared, as described 
in section 3.2.2, directly on the rheometer. A 40 mm cone was used for measurements. Stress 
was varied from 0.02 to 5 Pa in order to deform the gel in the linear viscoelastic region. 
Frequency was varied from 1 to 10 Hz.  
3.2.7 In vitro cell culture inside the microchanneled matrix  
 For cell culture, C2C12 (American Type Culture Collection) cells were suspended in 
media for collagen coated samples and in collagen or collagen-PEG-diOH pregel solution at 
a concentration of 1 million cells per milliliter. Microchanneled gels were sterilized under 
UV light for 30 minutes. 20 µL of cell suspension was added to each microchanneled gel. 
The gels were then placed at 37 °C for 30 minutes to allow for polymerization in the case of 
collagen and collagen-PEG-diOH gels and for the gel to absorb the cell suspension in the 
case of collagen coated gels. At the end of the 30 minutes, the gels were covered in 
proliferation media. Proliferation consisted of DMEM with 10 %(v/v) fetal bovine serum 
(Invitrogen), 1 % (v/v) penicillin/streptomycin (P/S, Invitrogen), and 1% Glutamax (Life 
Technologies). After two days in proliferation media, the media was switched to 
differentiation media which consisted for DMEM with 2 %(v/v) horse serum, 1 %(v/v) P/S, 
and 1 %(v/v) Glutamax.  
3.2.8 Myogenic differentiation within the microchanneled matrix  
Cells incubated in the myogenic differentiation media for 12 days were fixed for 30 
minutes in 4% (w/v) formalin. Cells were then incubated overnight with MF20 primary 
antibody for myosin at a 1:300 dilution, followed by incubation with AlexaFluor 594-
conjugated secondary antibody (1:1000 dilution), and AlexaFluor 488-conjugated phalloidin 
(1:400 dilution) for 2 hours. Finally, the cells were incubated with 4’,6-diamidino-2-
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phenylindole (DAPI) for 5 minutes. The cells in the gel were then imaged using a confocal 
microscope with a 63X oil immersion objective (Zeiss LSM 710 NLO).  
Separately, muscle creatine kinase (MCK) activity was measured using a kit from 
Pointe Scientific. Briefly, after 12 days in culture, the cells were incubated in a solution 
containing imidazole buffer (pH 6.7) and N-acetylcysteine at 37 C for 30 minutes and the 
increase in absorbance per minute of nicotinamide adenine dinucleotide (NADH), a direct 
byproduct of creatine kinase activity, was quantified at 340 nm using a plate reader.  
3.2.9 Statistical analysis  
One-way analysis of variance (ANOVA) was used to determine the statistical 
significance of data. Tukey’s post hoc tests were applied to all the pairwise differences 
between means. Data was considered significant for p values < 0.05. Averaged data is 
presented as means plus or minus standard error.  
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3.3 Results  
3.3.1 Characterization of microchanneled matrix  
 Alginate hydrogels were prepared by chemically crosslinking alginate with controlled 
amounts of adipic acid dihydrazide (AAD). Microchannels were introduced by uniaxially 
freezing the alginate hydrogels and lyophilizing the frozen gel, leaving behind hollow 
microchannels. The structure of the resulting microchanneled gel was visualized by critical 
point drying, sputter coating, and visualizing using scanning electron microscopy (SEM) 
(Figure 3.1 A). Further analysis with micro computed tomography (µCT) revealed that the 
microchannels introduced via uniaxial freeze drying extend the full diameter of the matrix 
(Figure 3.1 B).  
By increasing the molar fraction of AAD to the uronic acid residues on alginate from 
0.01 to 0.04, the elastic modulus of the resulting microchanneled matrix could be tuned from 
5 kPa to 25 kPa (Figure 3.2 A). The degree of swelling of the microchanneled matrix 
decreased from 226 to 70 as the molar ratio of AAD to uronic acid residues is increased from 
0.01 to 0.04. 
3.3.2 Characterization of the microstructure of collagen coated, collagen filled, and 
collagen-PEG-diOH matrices  
The microchannels were prepared in three separate conditions: collagen coated 
(Figure 3.3 A-I), collagen gel filled (Figure 3.3 A-II), and collagen-PEG-diOH filled (Figure 
3.3 A-III). In order to demonstrate the differences between the conditions, the 
microchanneled gels were critical point dried, sputter coated, and visualized with a scanning 
electron microscopy. In the collagen-coated microchannels, the collagen fibers are coating 
the walls of the microchannels (Figure 3.3 B-I & C-I). In the collagen gel filled 
microchannels, the collagen gel fills the entire microchannel (Figure 3.3 B-II & C-II). The 
fiber thickness in the case of collagen coated and collagen gel filled microchannels was about 
45 ± 2 nm. The collagen gel filling the microchannels had a storage modulus tested via 
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rheology of 125 ± 7 Pa. In the collagen-PEG-diOH gel filled microchannels, the fibers are 
thicker, about 210 ± 11 nm and fill the entire microchannel (Figure 3.3 B-III & C-III). The 
storage modulus of the collagen-PEG-diOH gel was nearly ten fold smaller at about 1.29 ± 
0.058 Pa.   
3.3.3 Cell distribution in the microchanneled matrices  
The differences in the microstructure within the microchannels influenced the 
formation of myotubes within the matrix. For the cellular studies, C2C12 cells were seeded 
directly into the microchannels of the collagen-coated samples. In the case of the gel samples, 
cells were suspended in the pre-gel solution. In the case of the collagen coated samples, cells 
just sat on the bottom of the microchannels (Figure 3.4 A). In the case of cells in the collagen 
gel (Figure 3.4 B) and collagen-PEG-diOH gel (Figure 3.4 C) filled microchannels cells are 
distributed throughout the microchannels.   
3.3.4 In vitro myotube formation in the microchanneled matrices  
The even distribution of cells within the collagen gel filled and collagen-PEG-diOH 
gel filled matrices facilitates the formation of myotubes within the matrix and limits the 
effects of matrix stiffness on myogenic differentiation. Cells in the collagen coated 
microchannels still sense the bulk mechanical stiffness of the alginate-AAD matrix. Primary 
myoblasts express the most myosin in the 10 kPa matrix which most closely resembles 
physiological stiffness (Figure 3.5 A-II).25 Less myosin is expressed at softer, 5 kPa, (Figure 
3.5 A-I) and stiffer, 25 kPa, (Figure 3.5 A-III) matrices.  
Interestingly, when the cells are suspended in collagen gels inside the microchannels, 
myosin expression appears to be constant between cells in the 10 kPa (Figure 3.5 B-II) and 
25 kPa (Figure 3.5 B-III) matrices. Expression of myosin on the softest, 5 kPa, matrix 
remains lower than expression in the 10 kPa and 25 kPa matrices. Cells cultured in the 
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collagen-PEG gel filled microchannels express a higher level of myosin than the other two 
conditions independent of matrix stiffness (Figure 3.5 C).  
In order to support the fluorescent microscopy results, analysis of the muscle creatine 
kinase (MCK), a metabolic marker of muscle, expression of cells was investigated. The 
results of the MCK assay mirrored those of the fluorescent images (Figure 3.6). The effect of 
the collagen-PEG-diOH gel filled microchannels was more pronounced in MCK expression 
than in myosin expression. While MCK expression in the collagen-PEG-diOH gels does trail 
off a little at 25 kPa, the expression remains nearly two fold higher than the expression in 
collagen coated microchannels and collagen gel filled microchannels.  
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3.4 Discussion  
This study demonstrated a method to be able to decouple myogenic differentiation 
from bulk matrix stiffness. Microchanneled alginate matrices fabricated through uniaxial 
freezing generated aligned microchannels throughout the matrix. Through varying the molar 
ratio of AAD to uronic acid, the matrix stiffness could be tuned. The microchannels were 
either coated with collagen, filled with a collagen gel, or filled with a collagen-PEG-diOH 
gel. Collagen-PEG-diOH gel filled microchannels presented collagen fibers that are more 
than 4 times thicker than pure collagen gel filled microchannels.  
The three conditions presented distinct microenvironments to the primary myoblasts 
seeded in the microchannels. The primary myoblasts seeded in the collagen coated 
microchannels remained on the walls of the microchannels and were sensitive to the bulk 
stiffness of the matrix. This result is consistent with other findings in the literature suggesting 
that substrates with physiological stiffness (~12 kPa) are the best for myogenic 
differentiation.17, 25  
When cells are suspended in either a collagen gel or collagen-PEG-diOH gel the 
microenvironment presented to cells overrides the role of bulk stiffness in the case of 
collagen-PEG-diOH gels. Myosin expression and MCK expression are essentially constant 
over the three stiffnesses studied. Cells suspended in pure collagen gels inside the 
microchannels were also able to mitigate the effects of matrix stiffness, however, the cells 
cultured in the 5 kPa matrix still presented lower myosin and MCK expression than the cells 
in the 10 kPa and 25 kPa matrices.  
Further modification of the alginate to be biodegradable would further assist skeletal 
muscle tissue formation. One way of doing this would be to incorporate some hydrolytically 
labile oxidized alginate.44 Another way to enhance the skeletal mussle tissue formation would 
be to include cytokines such as insulin like growth factor 1 (IGF-1).78  
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3.5 Conclusion  
 The incorporation of collagen gels and collagen-PEG-diOH gels into the 
microchannels of an alginate matrix facilitated the formation of skeletal myotubes 
independent of matrix stiffness. These findings will greatly contribute to understanding the 
emergent behavior involved in skeletal myotube formation and the roles of various of matrix 
properties in tissue formation. The findings of this system could be applied to improve tissue 
formation of other tissues and improve cell therapies.  
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Figure 3.1: Microstructure of microchannels matrix. SEM images of cross sections of the 
matrix at 800X magnification (A-I), 1000X (A-II), and 35000X (A-III). µCT image of 
microchanneled alginate matrix (B).  
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Figure 3.2: Characterization of microchanneled alginate-AAD matrices. (A) The elastic 
modulus of microchanneled matrices with varying molar ratios of ADD to the uronic acid 
residues on alginate. (B) The degree of swelling of microchanneled matrices with varying 
molar ratios of AAD to uronic acid.  
 53 
 
Figure 3.3: Microstructure of microchanneled gels. Schematic of the collagen coated (A-I), 
collagen gel filled (A-II), and collagen-PEG-diOH gel filled (A-III) microchannels. Low 
magnification SEM images of collagen coated (B-I), collagen gel filled (B-II), and collagen-
PEG-diOH gel filled (B-III) microchannels. High magnification SEM images of collagen 
coated (B-I), collagen gel filled (B-II), and collagen-PEG-diOH gel filled (B-III) 
microchannels. 
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Figure 3.4: Cell distribution within microchanneled gels. Confocal images of cells inside the 
microchannels after 24 hours stained for DAPI (blue) and actin (green) for the collagen 
coated microchannels (A), collagen gel filled microchannels (B), and collagen-PEG-diOH gel 
filled microchannels.  
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Figure 3.5: Confocal images of myotubes inside microchannels at different stiffnesses. 
Fluorescent images of cells inside collagen coated microchannels stained for myosin (red) 
and DAPI (blue) of 5 kPA (A-I), 10 kPa (A-II), and 25 kPa (A-III). Fluorescent images of 
cells inside collagen gel filled microchannels stained for myosin (red) and DAPI (blue) of 5 
kPA (B-I), 10 kPa (B-II), and 25 kPa (B-III). Fluorescent images of cells inside collagen-
PEG-diOH gel filled microchannels stained for myosin (red) and DAPI (blue) of 5 kPA (B-I), 
10 kPa (B-II), and 25 kPa (B-III). 
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Figure 3.6: Muscle creatine kinase activity in microchanneled gels at various stiffness for 
collagen coated microchannels (red), collagen gel filled microchannels (blue), and collagen-
PEG-diOH gel filled microchannels (black).  
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CHAPTER 4: MATRIX-MEDIATED NEURAL DIFFERENTIATION OF 
EMBRYOID BODIES FOR THE INNERVATION OF SKELETAL MUSCLE  
4.1 Introduction 
 
The ability to direct the differentiation of embryonic stem cells has been heavily 
investigated for the last few decades. The ability of embryonic stem cells to self-renew and 
differentiate into all three germ layers have made them a popular cell source for a wide 
variety of potential therapies. More recently, three-dimensional embryoid bodies have 
emerged as a way to investigate differentiation as an emergent behavior in development of 
the embryoid body.79, 80 Embryoid bodies have the advantage of containing all three germ 
layers (mesoderm, ectoderm, and endoderm), and closely following embryonic development.  
Differentiation of these embryoid bodies has been widely investigated and there has 
been success forming many tissues including cardiomyocytes, neurons, and endothelial cells. 
The majority of these studies focus on some combination of growth factor and gene delivery.  
Despite numerous studies demonstrating the ability of cells to respond to their 
mechanical environment, few studies have focused on matrix mediated differentiation of 
embryoid bodies.65 Furthermore, early attachment of embryoid bodies to a substrate is 
important for long term in vitro culture.81   
In this study, it is hypothesized that proper tuning of matrix rigidity would optimize 
neurogenic differentiation. Furthermore, the use of embryoid bodies, would promote the 
presence of astrocytes, which secrete many important factors for neural survival such as glial 
derived neurotropic factor. Embryoid bodies were cultured for 14 days on collagen-coated 
polyacrylamide matrices with stiffnesses 1 kPa and 10 kPa. The matrix conditions were 
compared to embryoid bodies cultured on non-adherent matrices. Differentiation levels were 
investigated through monitoring gene expression, ability to generate an action potential, and 
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immunofluorescent staining. The functionality of the generated neurons was investigated 
through co-culture with c2c12 derived myotubes and demonstrating innervation through 
immunofluorescence and the ability to control myotube actuation. Overall, this study will 
help to provide better understanding of the emergent behavior involved in neural 
development and  neuromuscular junction formation.  
4.2 Materials and Methods 
4.2.1 Hydrogel fabrication 
 Collagen-conjugated polyacrylamide gels with different elastic moduli were 
prepared.65 First, 3 mg/mL collagen solution (PureCol, Advanced Biomatrix) was incubated 
with 50 mg/mL acrylate poly(ethylene glycol) N-hydroxy succinimide ester (acrylate-PEG-
NHS, Jenkem Technology) in a 10:1 ratio and incubated at 4 °C for two hours. Sterile stock 
solutions of 40 %(w/v) acrylamide (Sigma), 2 %(w/v) N,N’-methylenebis(acrylamide), 10 
%(w/v) ammonium persulfate, and 10 %(w/v) tetremethylethylenediamine (TEMED, Fluka), 
were prepared in deionized water. The resulting gel was further incubated in phosphate 
buffered saline (PBS, Corning) at 37 °C overnight and exchanged three times in order to 
remove unconjugated reactants.  
4.2.2 Cell culture of primary murine skeletal myoblasts  
In this study, primary myoblasts, isolated from neonatal C57BL6 mice, were cultured 
in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 20% 
fetal bovine serum (FBS) and 1% Penicillin/Streptomycin (P/S). Cells were cultured at a 
density of 10,000 cells per square centimeter on a MatrigelTM (BD Biosciences) coated 18 
mm circular glass coverslip. In order to coat with MatrigelTM, coverslips were incubated at 37 
°C with a 0.01 %(v/v) MatrigelTM solution for 2 hours. After 48 hours, myogenic 
differentiation was activated with the high glucose DMEM supplemented with 2% horse 
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serum (HS) and 1% P/S.  Cells were cultured in the differentiation media for ten days before 
analysis or co-culture with embryoid bodies.  
4.2.3 Cell culture of murine embryonic stem cells (mESC) 
Experiments involving mouse embryonic stem (ES) cells were done using the mouse 
embryonic stem cell line W4 (Taconic) with passage numbers between 17 and 22. For 
proliferation, while maintaining undifferentiated state, cells were cultured in 50/50 
DMEM/F12 (Corning) supplemented with 10% knockout serum replacement (KSR, 
Invitrogen), 1% P/S, 1% Glutamax, 0.1 mM 2-mercaptoethanol (Invitrogen), and 1000 U/mL 
of mouse leukemia inhibitory factor (LIF, Sigma). Additionally, mESCs were cultured on 
mytomycin C (Sigma) inactivated mouse embryonic fibroblast (MEF). ES cells were replated 
on gelatin (Sigma) coated dishes for 3 days before harvesting them to prepare embryoid 
bodies (EB).  
4.2.4 Cell culture of mESC’s expressing green fluorescent protein (GFP) 
 Experiments involving green fluorescent protein (GFP) expressing mESC’s were 
cultured on mytomycin C inactivated MEF’s in order to prevent differentiation. The GFP-
mESC’s were expanded in DMEM (EMD, SLM-220-B) supplemented with 1 %(v/v) non-
essential amino acids (life technologies), 1 %(v/v) Glutamax, 1 %(v/v) P/S, 0.1 mM 2-
mercaptoethanol, 1000 U/mL of LIF, 1 %(v/v) nucleoside (EMD), and 15 %(v/v) fetal bovine 
serum (FBS) defined (Gibco). Cells were expanded until they were harvested to form EB’s.   
4.2.5 Embryoid Body (EB) Culture  
mESC and GFP-mESC colonies were treated with 0.05 % trypsin (Mediatech) in 
order to cleave them from substrate. The trypsin solution was neutralized with embryoid 
body media composed of DMEM/F12 supplemented with 3 %(v/v) FBS, 1 % (v/v) P/S, 10 % 
(v/v) KSR, and 1 %(v/v) Glutamax. The resulting cell suspension was transferred to a 6 well 
plate. The 6 well plate was then placed at 37 °C  and 5% CO2 on a rotating plate (Heidolph 
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Rotamax 120) set to 50 rpm for 24 hours to promote aggregation and prevent adhesion to the 
surface of the plate. After the 24 hours, the embryoid bodies formed are transferred to a T-25 
cell culture flask (Corning) treated with 2.3 %(w/v) agar (Sigma) and cultured for an 
additional 4 days. EB’s were then split into three separate groups: floating, 1 kPa collagen 
conjugated polyacrylamide gel, and 10 kPa collagen-conjugated polyacrylamide gel.  
4.2.6 Isolation and purification of RNA 
 EB’s were collected by treating them with a 0.025% solution of collagenase I (Sigma) 
and washed with PBS. RNA was extracted using an RNeasy© Mini Kit (Qiagen) according to 
the manufacturer’s protocol. EB’s were passed through a 20 gauge needle in order to 
homogenize the tissue and vortexed. RNS concentrations were quantified using a 
spectrophotometer (ND-100, Nanodrop).  
4.2.7 Real time polymerase chain reaction (PCR) analysis  
Equal amount of RNA were used to synthesize cDNA using random hexamer primers 
and SuperScript© first-stranded synthesis system (Invitrogen) according to the manufacturer’s 
protocol. Applied Biosystems 7900HT Fast Real-Time PCR System was used to amplify the 
cDNA. Molecular Probes Assays were used for the amplification of NeuN, Syp1, GFAP, and 
HB9. The reaction was carried out for 40 cycles consisting of  50 °C for 2 minutes, 95 °C for 
15 seconds, and 60 °C for 1 min. PCR was performed in triplicate and cDNA levels were 
determined using the standard curve of cycle thresholds. Results were normalized to mouse 
GAPDH cDNA (Molecular Probes Assay ID: Mm99999915_g1).  
4.2.8 Immunohistochemical analysis of embryoid bodies  
After 14 days of culturing the EB’s on the gel substrate, EB’s were collected and 
fixed in 10% formalin for one hour. Fixed EB’s were incubated in 0.5 %(v/v) Triton X in 
PBS at 4 °C overnight. EB’s were then blocked using 3 %(w/v) bovine serum albumin (BSA) 
(Sigma-Aldrich) for 2 hours and stained overnight at 4 °C with primary antibodies against 
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either rabbit anti-neurofilament 200 (1:300 dilution, Sigma-Aldrich) or mouse anti-glial 
fibrillary acidic protein (GFAP) (1:300 dilution, Invitrogen). EBs were washed three times 
with PBS before treating with secondary antibodies: Alexa Fluor® 488 donkey anti-rabbit or 
Alexa Fluor® 546 anti-mouse. EBs were incubated with secondary antibodies overnight at 4 
°C. EB’s were then washed with PBS three times and mounted on microscope slides with 
Prolong Gold Antifade (Invitrogen) mounting media containing DAPI nuclear stain. EBs 
were finally imaged using a laser scanning confocal microscope (Zeiss LSM 700).  
Alternatively to mounting the EBs, the stained EBs were suspended in 1.5 %(w/v) 
agar and loaded into a 1 mm capillary tube. The capillary tube was then placed on ice to cool 
the agar solution and allow it to gel. The agar cylinder was then lowered into deionized water 
for imaging on a lightsheet microscope (Zeiss Z1). 
4.2.9 Analysis of motor neurons within the EBs 
In order to analyze the motor neurons within the EBs, mESC’s that have green 
fluorescent protein (GFP) attached to the homeobox 9 gene promoter were used to form EBs. 
EBs were formed in accordance with the protocol discussed in 4.2.5. EBs were then 
examined under a standard fluorescent microscope (Leica DMI 4000B) equipped with a 
digital camera (Hamamatsu Photonics ORCA-ER). EBs were exposed for 1 minute and the 
amount of fluorescence expressed per area was evaluated using ImageJ (NIH 1.48v).  
4.2.10 Analysis of calcium signaling with EBs 
 The culture media was removed from EBs cultured in floating the condition, on 1 kPa 
gels, and on 10 kPa gels. Samples were rinsed with PBS to remove all media. Calcium 
signaling was then analyzed using a Molecular Probes Fluo-4 Calcium Assay Kit. Cells were 
suspended in the proprietary assay buffer (1X HBSS, 20 mM HEPES) with 400 µM L-
glutamine for 15 minutes in order to stimulate neurons. Next, samples were incubated for 45 
minutes with dye loading solution at 37 °C.  Dye loading solution was prepared by according 
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to the manufacturer’s protocol.  Briefly, 10 mL of assay buffer was added to a vial of Fluo-4 
dye mix and 100 µL of 250 mM probenicid was added. After the 45 minutes, EBs were 
imaged using a standard fluorescent microscope (Leica DMI 4000B) equipped with a digital 
camera (Hamamatsu Photonics ORCA-ER). The intracellular calcium was then measured by 
quantifying the fluorescence per area using ImageJ (NIH 1.48v).  
4.2.11 Formation of neuromuscular junctions 
In order to form neuromuscular junctions (NMJs). EBs were placed on top of a 
differentiated monolayer of murine skeletal myoblasts formed according to section 4.2.2. The 
co-culture was continued for one week before analysis. Co-culture media consisted of 
DMEM/F12 supplemented with 3 %(v/v) FBS, 1 %(v/v) P/S, 10 %(v/v) KSR, 2 %(v/v) horse 
serum, and 1 %(v/v) Glutamax. 
4.2.12 Immunohistochemical analysis of neuromuscular junctions  
Acetyl choline receptors (AChR) were stained with Alexa Fluor® 647 α-bungarotoxin 
(1:1000 dilution, Invitrogen) for 1 hour. Cells were then fixed with 10% formalin for one 
hour. Cells were next blocked for 2 hours at room temperature using 3 %(w/v) BSA. Cells 
were then permeabilized overnight with 0.05 %(v/v) Triton X in PBS at 4 °C.  The samples 
were then incubated with primary antibodies to MF20 (1:300 dilution, DHSB) and 
neurofilament (1:300 dilution, Sigma-Aldrich) overnight at 4 °C, followed by overnight with 
Alexa Fluor® 488 donkey anti-rabbit, Alexa Fluor® 546 anti-mouse, and DAPI. NMJs were 
then imaged with a laser scanning confocal microscope (Zeiss LSM 710).  
4.2.13 Functional analysis of neuromuscular junctions 
The functionality of the neuromuscular junctions was evaluated by either stimulating 
the neurons with l-glutamine and or inhibiting the neurons with γ-aminobutyric acid (GABA) 
and evaluating the frequency and displacement of contraction of skeletal myotubes. Videos 
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were captured with a microscope (Leica DMI 4000B) equipped with a digital camera 
(Hamamatsu Photonics ORCA-ER). The displacement was measured using ImageJ software.  
4.2.14 Statistical Analysis  
One-way analysis of variance (ANOVA) was used to determine the statistical 
significance of data. Tukey’s post hoc tests were applied to all the pairwise differences 
between means. Data was considered significant for p values < 0.05. Averaged data is 
presented as means plus or minus standard error.  
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4.3 Results  
 Embryoid bodies (EBs) were cultured in three separate conditions: floating, adhered 
to 1 kPa matrix, and adhered to 10 kPa matrix. Matrices were prepared according to mixing 
acrylated collagen with polyacrylamide gels in order to generate gels with an elastic modulus 
of 1 kPa and 10 kPa.65 Embryoid bodies were placed into the culture conditions after forming 
for five days and then allowed to further culture for additional ten days for at total for 14 days 
in culture. At the end of the culture period, EBs were collected and differentiation within 
them was analyzed.  
 Differentiation was first analyzed using real time PCR in order to quantify the mRNA 
levels of HB9, a motor neuron marker, NeuN, a mature neural marker, Syp1, a synaptic 
marker, and GFAP, a glial cell marker (Figure 4.1). The expressions levels were normalized 
to the expression in the floating culture condition and to the house keeping gene, GAPDH. 
The levels of mRNA for HB9, Syp1, and NeuN, expressed in the 1 kPa conditions are all 
lower than the levels expressed in the floating condition. The levels of NeuN and GFAP are 
higher in the EBs cultured on the 10 kPa matrix than in the floating condition or on the 1 kPa 
matrix. There is no significant difference in the expression of HB9 and Syp1 between EBs 
cultured on the 10 kPa matrix and those cultured in the floating condition.  
 Immunofluorescent staining for neurofilament and GFAP was utilized to further 
analyze the neurodifferention within the EBs. In order to visual the EBs using confocal 
microscopy, it was necessary to flatten them into disks of approximately 30 µm thickness.65 
Confocal microscopy confirmed the result from PCR that the 10 kPa matrix was the best for 
generating a neural network (Figure 4.2). There was very nice neural network formation in 
the case of the EBs cultured on the 10 kPa matrix (Figure 4.2 A-III). Additionally, the 10 kPa 
substrate showed the highest GFAP expression, indicating the presence of glial cells in the 
EB (Figure 4.2 B-III). There was very limited neurofilament expression and neural network 
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formation in EBs cultured on 1 kPa matrices (Figure 4.2 A-II). EBs cultured in the floating 
condition demonstrated virtually no neurofilament expression (Figure 4.2 A-I). EBs cultured 
in the floating condition and on the 1 kPa matrix did not have cells expressing GFAP (Figure 
4.2 B-I & B-II).   
In order to examine the expression of neurofilament and neural networks without 
flattening the EBs into disks, as in confocal imaging, the EBs were stained and examined 
using lightsheet microscopy. The results of from the lightsheet imaging (Figure 4.3) are 
similar to those from confocal. One interesting finding from the lightsheet microscopy is that 
the EBs are hollow, resembling development in vivo. As with the confocal images, EBs 
cultured on the 10 kPa matrix exhibit a nice neural network (Figure 4.3 A), while EBs 
cultured on the 1 kPa exhibit a limited neural network (Figure 4.3 B). EBs cultured in the 
floating condition express neurofilament but do not show any neural network formation 
(Figure 4.3 C).   
In order to examine the functionality of the neurons, calcium imaging was performed 
after stimulation with glutamate. Following stimulation with glutamate, the NMDA receptors 
in neurons bring calcium into the cell. The intracellular calcium was monitored following 
stimulation using the Fluo-4 NW Calcium Kit which stains intracellular calcium green. The 
average pixel intensity over each EB was calculated and normalized to the size of the EB. 
EBs cultured on the 10 kPa matrix had a nearly 2 fold higher average pixel intensity (Figure 
4.4) than EBs cultured in the other conditions, indicating a higher level of neural activity in 
the EBs cultured on the 10 kPa matrix.   
To be able to innervate muscle, it is necessary to be sure that motor neurons are 
present in the EBs. In order to investigate this, mESCs were obtained that expressed GFP 
along with the homeobox 9, HB9, promotor, which is a mature neural marker. EBs were 
imaged with a standard fluorescence scope at a fixed exposure time of 2 minutes. From these 
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images, the average pixel intensity was quantified using ImageJ (Figure 4.5). The EBs 
cultured on 1 kPa matrices and in the floating condition expressed the same level of GFP. 
The EBs cultured on the 10 kPa matrix expressed approximately 1.5 times more GFP, 
indicating the presence of more motor neurons in the EBs cultured on the 10 kPa matrix.  
Once it was determined that EBs contain motor neurons and functional neurons, the 
EBs were cocultured with monolayers of murine skeletal myotubes. The EBs were removed 
from their previous culture conditions and placed on top of a monolayer of skeletal myotubes 
and co-cultured for one week. At the end of that week, the co-culture samples were analyzed.  
The co-culture constructs were first analyzed using immunofluorescence. The 
constructs were stained for neurofilament, myosin, DAPI, and acetyl choline receptors. Co-
localization of the acetyl choline receptors with myotubes and an axon, indicates the 
formation of a neuromuscular junction. The neuro-muscular constructs formed from the EBs 
cultured on 10 kPa matrices were the only ones to demonstrate the colocalization (Figure 4.6 
A-III). Neuro-muscular constructs formed from EBs cultured on 1 kPa matrices and floating 
EBs failed to have the organization of the acetyl choline receptors (Figure 4.6 A-I & A-II). 
Furthermore, neuromuscular constructs formed from EBs cultured on the 10 kPa matrix, 
demonstrated 3 times more contacts between neurons and myotubes than EBs cultured on 1 
kPa matrices and nearly 9 times more than EBs cultured in the floating condition (Figure 4.6 
B-III & Figure 4.7).  
In addition to having more contacts between the EB and myotubes, almost 2 fold 
more of the myotubes surrounding EBs cultured on the 10 kPa matrix became contractile 
than the EB cultured on the 1 kPa matrix (Figure 4.8). None of the myotubes surrounding 
EBs cultured in the floating condition became contractile.  
The functionality of the neuromuscular junctions was tested through chemical 
stimulation of the neurons. Neurons were either stimulated using glutamate or inhibited using 
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GABA. The NMJs formed from EBs cultured on the 10 kPa substrate responded to 
stimulation by increasing the displacement of contraction 9 fold over spontaneous contraction 
(Figure 4.9 A). Inhibition with GABA returns the contractions to the spontaneous state. 
Additionally, the NMJs formed from EBs cultured on the 10 kPa substrate responded to 
stimulation by increasing the frequency of twitching nearly 2 fold and to inhibition by 
decreasing the frequency of twitching back to the level of spontaneous contraction (Figure 
4.9 B). As no NMJs formed from the EBs cultured on either 1 kPa matrices or in the floating 
conditions, the frequency of muscle contraction remained unchanged during stimulation and 
inhibition.  
4.4 Discussion  
This study demonstrates the first time that matrix stiffness is used to guide the neural 
differentiation of embryoid bodies and influence the structure of the neural organoid formed. 
EBs were formed through placement on low adherence dishes on a rotary shaker which 
generated large numbers of EBs of uniform size and shape.82 Previous study have 
demonstrated that culture of EBs on collagen-conjugated polyacrylamide gels exhibit active 
growth and minimal cell death.65 
EBs cultured on 10 kPa matrices demonstrates the best neural differentiation and 
neural network formation. EBs cultured on the 10 kPa matrices also demonstrated the most 
functional neurons and the most motor neurons. This study demonstrates that the cells within 
an EB communicate with each other and are able to sense the rigidity of the substrate that 
they are cultured on. The differences found in this research compared to previous literature, 
which states that 1 kPa substrates are the best for neural differentiation24 can be attributed to 
the type of cells being considered. The previous work considered cortical neurons, whereas 
this work is considering peripheral neurons, which have a different in vivo microenvironment 
from cortical neurons.  
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The differences between the results of the real time PCR and the immunofluorescent 
staining can be attributed to the face that PCR analysis takes into account the total mRNA 
present in the EB without regard to the quality of the tissue. Analysis with 
immunofluorescence allows for the assessment of about tissue quality and protein expression.  
The EBs with the nice neural networks were successfully able to innervate skeletal 
muscle as demonstrated through immunofluorescence and the ability to control the actuation 
of muscle by chemically stimulating or inhibiting the neurons innervating the muscle. This 
culture system will be broadly useful in understanding the emergent behavior involved in 
NMJ formation and in the study of neuromuscular diseases.  
 
4.5 Conclusion  
 In conclusion, this study demonstrates the successful generation of a neural organoid 
through matrix control. Collagen-conjugated polyacrylamide hydrogels with an elastic 
modulus of 10 kPa proved the best to promote neural network formation, motor neuron 
generation, and functional neuron generation. The neural organoids formed from these 
cultures, were able to form functional neuromuscular junctions with skeletal myotubes. This 
study will be broadly useful in being able to better understand the emergent behaviors 
involved in the development of neuromuscular junctions as well as study neuromuscular 
diseases. Additionally, this culture system will be broadly useful for drug screening for 
neuromuscular diseases.  
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Figure 4.1: Real time PCR analysis of EBs cultured in various matrix conditions. The 
expression mRNA relative to the floating conditions of a motor neuron marker, HB9, (red 
bars), mature neural marker, NeuN (green bars), synaptic marker, Syp1, (blue bars), and glial 
marker, GFAP, (black bars). Error bars represent the standard error.  
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Figure 4.2: Confocal images of EBs stained for neurofilament (green), DAPI (blue), and 
GFAP (red). EBs stained for neurofilament and DAPI in the floating condition (A-I), on a 1 
kPa matrix (A-II), and on a 10 kPa matrix (A-III). EBs stained for GFAP and DAPI in the 
floating condition (B-I), on a 1 kPa matrix (B-II), and on a 10 kPa matrix (B-III). 
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Figure 4.3: Lightsheet images of EBs cultured in floating condition (A), on a 1 kPa matrix 
(B), and on a 10 kPa matrix (C).  
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Figure 4.4: Analysis of calcium signaling within the EBs cultured in different matrix 
conditions. The average pixel intensity per area of each EB following stimulation with 
glutamate.  
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Figure 4.5: Analysis of HB9 expression within the EBs cultured in different matrix 
conditions. The average pixel intensity per area of each EB made from mESCs that express 
GFP along with the HB9 promoter.  
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Figure 4.6: Confocal images of EB and skeletal muscle co-cultures. Samples stained for 
neurofilament (green), myosin (red), dapi (blue), and acetyl choline receptors (white), for co-
cultures formed from EBs cultured in the floating condition (A-I), on a 1 kPa matrix (A-II), 
and on a 10 kPa matrix (A-III). High magnification confocal images of EB skeletal muscle 
co-cultures formed form EBs culture in the floating condition (B-I), on a 1 kPa matrix (B-II), 
and on a 10 kPa matrix (B-III).  
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Figure 4.7: Analysis nerve-muscle contacts between skeletal myotubes and EBs cultured in 
different matrix conditions.  
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Figure 4.8: Analysis of the number of contracting myotubes in co-cultures surrounding EBs 
cultured on 1 kPa matrices or 10 kPa matrices.  
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Figure 4.9: Video analysis of muscle contraction in response to stimulation by glutamate and 
inhibition by GABA. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
5.1	  Summary	  	  
 
In this work, I have endeavored to contribute to the literature on how matrix 
properties influence cellular behavior, in particular, myogenic differentiation and the 
formation of skeletal myotubes. While much work has been done in this area, it is often 
plagued by the dependency of matrix properties on each other. For example, the tendency of 
matrix permeability to decrease as matrix stiffness increases.  
I was able to develop an advanced porous matrix by investigating for the first time the 
role of water interactions with the gel-forming polymer. I was able to demonstrate a method 
for using polysaccharide incorporation into a poly(ethylene glycol) diacrylate based hydrogel 
to tune the porosity of the porous matrix formed via freeze-drying. The resulting control over 
the porous structure, allowed for the ability to improve the incorporation of skeletal 
myoblasts into the porous matrix. This, in turn, improved the myogenic differentiation 
throughout the matrix.  
Next, I was able to further improve myogenic differentiation by using a uniaxial 
freeze-drying process to produce a porous matrix with highly aligned microchannels. By 
filling the microchannels with collagen fibers resembling perimysial muscle fibers, I was able 
to achieve myogenic differentiation virtually independent of bulk matrix stiffness. 
Finally, I was able to demonstrate for the first time a matrix mediated method to form 
neural organoids from embryoid bodies by culturing them on matrices of different stiffnesses. 
At the optimum stiffness of 10 kPa I was able to demonstrate good neural network formation 
as well as functional neurons, and motor neurons. By placing the resulting neural organoid on 
top of a monolayer of skeletal myotubes, I was able to form functional neuromuscular 
junctions that were able to control the actuation of skeletal myotubes.  
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Overall this work has advanced the understanding of how matrix properties influence 
cell behavior, and, in particular, the formation and innervation of skeletal myotubes. The 
work has demonstrated the ability to form functional neuromuscular junctions that can be 
used as a platform to understand the emergent behavior involved in the development of 
neuromuscular junctions, as a was to better understand neuromuscular diseases, and finally as 
a way to test drugs.  
5.2	  Future	  directions	  	  
 
 The results of these studies can be used to further understanding of how matrix 
properties influence the formation of functional skeletal muscle tissues. The results can be 
further applied to build better skeletal muscle bioactuators.83 A number of studies have 
focused on the development of bioactuators in both two and three dimensions but there has 
been a very limited work in controlling them with neurons instead of through electrical or 
optical stimulation. The work could also be applied to innervating three-dimensional muscle.  
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